A new reverse transcriptase (RT) inhibitor was extracted and purified from the red alga Schizymenia pacifica. The chromatographic behavior and chemical properties of this sea algal extract (SAE) suggest that it is a sulfated polysaccharide having a molecular weight of approximately 2,000,000. SAE is composed of galactose (73%), sulfonate (20%), and 3,6-anhydrogalactose (0.65%). SAE is a member of the X-carrageenan family, based on its infrared spectrum and products of hydrolysis. SAE selectively inhibited human immunodeficiency virus (HIV) RT and replication in vitro. When MT-4 cells were treated with more than 104 inhibitory units (IU) of SAE per ml after HIV infection, significant inhibition of viral antigen synthesis was observed. Furthermore, more than 90% of cells were viable in the cultures exposed to 4 x 104 to 8 x 104 IU of SAE per ml, while almost all the MT-4 cells in the control culture had died by 10 days after HIV infection. The inhibitory effect of SAE on HIV replication was confirmed by plaque reduction assays. The 50% inhibitory dose of SAE was 9.5 x 103 IU/mi. Chondroitin sulfate A, dermatan sulfate, heparan sulfate, keratan polysulfate, and heparin also inhibited the RT of avian myeloblastosis virus. SAE immediately inhibited RT activity when added to an assay mixture after the start of the reaction.
Retroviruses are reverse transcriptase (RT)-containing RNA viruses that cause neoplasms and immunosuppression in various species of vertebrates. Since RT reversetranscribes the RNA of the virus into double-stranded DNA, an agent that inhibits this transcription process may prevent the viral DNA from becoming integrated into the genome of the host cell, thereby inhibiting viral replication (5) . It has recently been shown that human T-cell leukemia virus type I causes adult T-cell leukemia (25) , a disease that has a high frequency in southwestern Japan (10) and the Caribbean basin (20) but occurs worldwide. Another retrovirus, formerly called human T-cell lymphotropic virus type III/lymphadenopathy-associated virus/acquired immune deficiency syndrome-associated retrovirus (1, 12, 17) and now referred to as human immunodeficiency virus (HIV) (3), causes acquired immune deficiency syndrome and the complex of diseases related to it. Although some drugs that inhibit the activity of RT are being tested for possible therapeutic use in these diseases, there are as yet no effective ways to cure them. Moreover, the drugs tested to date have relatively severe side effects (4, 13, 14, 19, 21 (11) . The titer of the virus preparation was 6 x 104 PFU/ml (9 The inhibition assay for RT from disrupted HIV was performed in the same manner, except that the reaction mixture was incubated for 60 min. The disrupted HIV RT sample was obtained from 0.5 ml of MOLT-4/HIVHTLv IIIB cell culture supernatant (titer, 3 x 104 PFU/ml).
Purification of SAE. Crude SAE solution from 1.5 g of S. pacifica was lyophilized, and the sample (198 mg) was dissolved in 100 ml of distilled water and applied to a DEAE-cellulose (Wako Junyaku Co., Osaka, Japan) column (3 by 17.5 cm) which had been equilibrated with 0.01 M acetate buffer (pH 7.0). The bound sample was then eluted by stepwise increases in the NaCl concentration (0.5, 0.75, and 2.0 M) in 0.01 M citrate buffer. Chromatography was carried out at 4°C. The active fractions that inhibited AMV RT were pooled and precipitated by the addition of 3 volumes of ethanol. The precipitates were suspended in 2.0 ml of 0.01 M citrate buffer (pH 7.0) containing 2.0 M NaCl and separated in a Sepharose CL-4B (Pharmacia, Uppsala, Sweden) column (1.5 by 88 cm).
Polysaccharides. A-, K-, and L-carrageenans were purchased from Sigma Chemical Co., St. Louis, Mo. Alginic acid was obtained from Kimitsu Kagaku Kogyo Co., Tokyo, Japan. Chondroitin, chondroitin sulfate A, dermatan sulfate, heparan sulfate, keratan sulfate, keratan polysulfate, and hyaluronic acid were obtained from Seikagaku Kogyo Co., Tokyo, Japan. Heparin was purchased from Wako Junyaku Co., Osaka, Japan.
Analysis of polysaccharides. Infrared (IR) spectra were recorded with a KBr disk and a Hitachi model 260-10 IR spectrophotometer. UV absorbance was measured with a Hitachi model 220A spectrophotometer.
Neutral sugar was analyzed with a phenol-sulfuric acid reagent and with galactose as a standard. 3,6-Anhydrogalactose was determined by the method of Yaphe and Arsenault with fructose as a standard (24) . Sulfate was determined by the method of Terho and Hartiala (22) .
HIV infection and virus-induced cytopathic effects. In vitro HIV infection was studied with the HTLV-I-carrying cell line, MT-4, as described elsewhere (9, 15, 16 cells was measured by a plaque assay described previously (9, 15) . MT-4 cells were infected with a fixed number of infectious virus particles (120 PFU per dish) and cultured in an agarose overlay medium with various concentrations of purified SAE. All experiments were carried out in triplicate. RESULTS Purification of SAE. Crude SAE was fractionated by DEAE-cellulose column chromatography (Fig. 1) . The main fractions that inhibited AMV RT were eluted from the column by 0.5 M NaCl. Over half of the inhibitory activity was recovered in these fractions. The active fractions were separated by using the Sepharose CL-4B column (Fig. 2) . A single peak of inhibitory activity was detected in the same fractions in which dextran, with an average molecular weight of 2,000,000, was eluted.
Composition of SAE. We analyzed the sugar components of the SAE purified in the Sepharose CL-4B column. The composition of SAE was similar to that of X-carrageenan, except that X-carrageenan contains slightly more sulfate. No protein was detectable in this fraction ( Table 1 ). The IR spectra of purified SAE (Fig. 3) were very similar to those of X-carrageenan but less similar to those of K-carrageenan.
Inhibitory effects of SAE on the RT activity of HIV. The inhibitory effect of purified SAE on the RT activity of HIV was studied. HIV RT activity alone produced 32.8 x 104 cpm/0.5 ml and decreased in a dose-dependent fashion ( ANTIMICROB. AGENTS CHEMOTHER. detected in purified SAE. Thus, we assume that SAE is a sulfated polysaccharide. These data confirm our observations that the inhibitory activity of SAE could not be inactivated by pronase digestion or boiling at 100°C, whereas boiling in the presence of 0.6 N HCl reduced this activity (Nakashima et al., in press ). Moreover, we demonstrated here that purified SAE effectively suppressed HIV infection in vitro. Our data in this report clearly suggest that the active substance of SAE is one of the carrageenans, especially a member of the X-carrageenan family. Carrageenans are sulfated polysaccharides that have a common structural backbone of D-galactose residues and are grouped into three families: the A family (X-, nr-, and t-carrageenans); the 1 family (,-and y-carrageenans), and the K family (I,-, v-, K-, and L-carrageenans) (2, 23) . Alkaline treatment of purified SAE indicated that it had a low content of galactose 3-or 6-sulfate, which could be converted into 3,6-anhydride. The IR spectrum in the region of 800 to 1,400 cm-' revealed an absorption band which was thought to indicate the presence of sulfate esters linking secondary hydroxyl groups (830 cm-') together to produce the absorption band characteristic of the sulfate group (1,240 cm-'). X-, L-, and K-carrageenans also have inhibitory activity against AMV RT and a suppressive effect on HIV infection in vitro.
The acidic polysaccharides (carrageenans, heparin, dermatan sulfate, heparan sulfate, and keratan polysulfate), that inhibit RT activity in vitro also have sulfate residues. Thus, it seems that sulfate residues may play a key role in the inhibition of RT. It was reported that polyvinyl sulfate inhibited RT by virtue of competition between the sulfated side chains of the molecule and the template primer for a site on the enzyme (8) .
It was also reported that adsorption or penetration or both of some viruses could be inhibited by polyacrylic acid, polymethacrylic acid, polyvinyl sulfate, dextran sulfate, and polyphloroglucinol phosphate (6, 7, 18) . Thus, the inhibition of HIV infection by SAE and purified carrageenans may not be entirely due to the inhibition of RT. Sulfated polysaccharides, including SAE and other carrageenans, may suppress HIV infection by interfering with virus adsorption as well as by inhibiting RT. In this regard, SAE markedly inhibited RT but had little effect on DNAalpha-polymerase and RNA polymerase (Nakashima et al., in press). Such selective activity provides a basis for designing drugs with inhibitory activity for HIV replication. Further work on the characterization of SAE and other related substances and their potency as antiviral drugs is in progress. ADDENDUM IN PROOF In accordance with the hypothesis that sulfate residues might play a key role in RT inhibition, we synthesized glycyrrhizin sulfate and demonstrated that the addition of sulfate residues to glycyrrhizin apparently resulted in the endowment with RT inhibitory activity of the substance (Nakashima et al., Jpn. J. Cancer Res. 78:767-771, 1987). Using the same approach, we were also able to convert several nonsulfated polysaccharides (e.g., dextran, xylofranan, ribofuranan, lentinan) into effective anti-HIV substances (Nakashima et al., submitted for publication). Thus, the present strategy of chemical modification appears to be very promising for the further development of antiretroviral drugs.
